Mineralocorticoid receptor (MR) is one member of the steroid receptor family. In addition to its important role in Na þ /K þ homeostasis, MR is reported as a tumor-suppressor in carcinogenesis. So far, little was known about the ability of pesticides to interfere with MR. In this study, a total of 43 pesticides and/or metabolites were investigated for their potential effects on human MR. None of the tested pesticides exhibited MR agonistic potency, whereas 16 compounds showed antagonistic activities. Further investigations indicated that these 16 chemicals individually antagonized aldosterone-induced alkaline phosphatase expression in vascular smooth muscle cells and aldosterone-inhibited hepatocellular carcinoma cell proliferation at higher concentrations, and the mixture of these 16 pesticides at environmentally relevant concentrations significantly disrupted MR activity. The additional quantitative mixture experiments indicated a good agreement between the combined anti-mineralocorticoidic activities of 16 pesticides and the responses predicted by concentration addition model instead of independent action model. The interruption of nuclear translocation of MR was clarified as a main mechanism for the anti-mineralocorticoidic activities by these pesticides. These data suggest that the health risk may increase when multiple MR antagonists cooperate following concentration addition model and exhibit a combined effect. Our findings emphasize that comprehensive risk assessment of adverse effects of environmental MR ligands on human health should be considered.
Most prior research on environmental endocrine-disrupting chemicals (EDCs) focused on their actions on estrogen receptor (ER) and androgen receptor (AR). Estrogen receptor and AR belong to the steroid receptor subfamily of nuclear transcription factors (Jaffe and Mendelsohn, 2005) . Other members of the steroid receptor family, including progesterone receptor (PR), glucocorticoid receptor (GR), and mineralocorticoid receptor (MR), are also involved in steroid-regulated biological processes that may similarly be disrupted if agonists or antagonists are present in the environment. Recently, there has been increasing evidence for the effects of EDCs on other members of this steroid receptor class such as PR and GR (Rehan et al., 2015; Zhang et al., 2016) . Very few studies also showed the potential impact of EDCs on MR. Bodwell et al. (2006) reported a biphasic response of MR activity to arsenic (As) exposure, with stimulation of activity at low doses of As and inhibition at higher doses. A fungicide, vinclozolin, and its primary metabolite were identified as MR antagonists using in vitro assay (Molina-Molina et al., 2006) . However, data regarding the possible environmental ligands for MR are still extremely sparse in EDCs research.
Mineralocorticoid receptor mediates the effects of mineralocorticoids, a class of essential physiological corticosteroids, on a variety of target tissues such as kidney, colon, adipose tissue, cardiovascular and central nervous systems (Berger et al., 1998; Pippal and Fuller, 2008; Rogerson and Fuller, 2000; Zennaro et al., 1995) . As a nuclear transcription factor, MR translocates to the nucleus upon ligation by cognate ligand and binds to specific DNA sequence and regulates the corresponding responsive gene expression, critically involved in Na þ /K þ homeostasis, blood pressure regulation, and cell proliferation (Gaeggeler et al., 2005; Grossmann et al., 2010; Sekizawa et al., 2011) . Loss of MR function in deficient mice and human resulted in neonate mortality because of severe dehydration by renal sodium and water loss (Berger et al., 1998; Fuller and Rogerson, 2002; Geller et al., 1998) . Blockade of MR also reported to impair stress-related learning and lead to anxiety behavior in animal models (Douma et al., 1998; Yau et al., 1999) . Recently, the tumor-suppressive role of MR has been appreciated in cancer development and progression, such as colorectal cancer, lung cancer, and hepatocellular carcinoma (HCC) (Jeong et al., 2010; Nie et al., 2015; Tiberio et al., 2013) . Due to the indispensable physiological functions of MR, it is urgent to recognize potential MR agonists or antagonists among environmental chemicals and potential interferences with MR should be considered for the safety assessment of EDCs.
The ubiquitous usage of pesticides with an annual global amount of 1-2.5 million tons has resulted in a type of the most widespread and significant environmental pollution (Fenner et al., 2013) . Pesticides are now suspected of being a kind of important EDCs. Numerous pesticides have been reported to have estrogenic or anti-androgenic activity via interfering with ER or AR (Kojima et al., 2004) . Our recent study found that more than one-third of tested pesticides were potential GR antagonists, suggesting that many pesticides could affect steroid-regulated biological processes via binding to other members of steroid receptor class such as GR (Zhang et al., 2016) . Thus, to identify common pesticides for MR agonists or antagonists and to further explore the possible mechanism are imperative to expand the understanding of latent risks of pesticides.
In this study, 43 pesticides (listed in Supplementary Table 1) were screened for MR activities using luciferase reporter gene assay. The results characterized a total of 16 pesticides as potential MR antagonists. The effects of these potential MR ligands on mineralocorticoid signaling were further confirmed by the inhibition of the expression of mineralocorticoid-responsive gene alkaline phosphatase (Alk) in human vascular smooth muscle cells (VSMCs) . It was also demonstrated that these pesticides reversed MR-mediated suppression of HCC proliferation. Furthermore, we uncovered a mechanism for antimineralocorticoidic activities by these pesticides that mainly involved the inhibition of mineralocorticoid-induced nuclear translocation of MR. More importantly, our findings indicated that the mixture of these 16 pesticides at environmentally relevant concentrations could disrupt MR transactivity and inhibit MR-mediated function. The observed responses of the mixture composed of these 16 chemicals agreed very well with the predicted regression curves of concentration addition (CA) model.
MATERIALS AND METHODS
Chemicals. Aldosterone (>97% pure) was purchased from J&K Scientific (Beijing, China). Spironolactone (>99% pure) was obtained from Selleck Chemicals (Boston, Massachusetts). The 43 pesticides and pesticide metabolites listed in Supplementary   Table 1 were obtained from Sigma-Aldrich (St Louis, Missouri). Stock solutions of chemicals were prepared using dimethylsulfoxide (DMSO) as a solvent and stored at À20 C, except for paraquat that was dissolved in deionized water.
Plasmid constructs. The human mineralocorticoid receptor (hMR) expression plasmid EGFP-C1-hMR was kindly provided by Dr Claudia Großmann (Martin Luther University, Germany) (Grossmann et al., 2005; Ouvrard-Pascaud et al., 2004) . The mineralocorticoid response element containing reporter plasmid pMMTV-luc was kindly provided by Dr Evangelia Charmandari (Biomedical Research Foundation of the Academy of Athens, Greece) (Nicolaides et al., 2014) . In dual-luciferase reporter assays, pRL-TK (Promega, Madison) was used as an internal control as previously described (Zhang et al., 2016) .
Cell cultures. Chinese hamster ovary K1 cell line (CHO-K1) and human HCC cell line (SMMC-7721) were maintained at 37 C and 5% CO 2 in Dulbecco's Modified Eagle's Medium (DMEM) (Hyclone, Logan, Utah) supplemented with 10% fetal bovine serum (FBS) (Hyclone) and 100 U/ml streptomycin-penicillin (Hyclone) under saturating humidity. Primary cultured human VSMCs were kindly provided by Dr Luyang Yu (College of Life Science, Zhejiang University). VSMCs were maintained in M199 media (Gibco, Grand Island, New York) with 20% FBS (Gibco), 1% glutamine (Gibco), and 100 U/ml streptomycin-penicillin (Yu et al., 2011) . Low-passage VSMCs primary cultures were used for real-time quantitative PCR. For all exposure experiments, the cells were cultured with phenol red-free DMEM or M199 supplemented with charcoal/dextran-treated FBS.
Cell proliferation assay. As previously described, cell proliferation was assessed after exposure to tested chemicals at the concentration of 10 À5 or 10 À6 M using CellTiter 96 AQueous One Solution Cell Proliferation (Promega, Madison, Wisconsin) Zhang et al., 2014) . The exposure periods were 24 h for CHO-K1 cells and 48 h for SMMC-7721 cells. The absorbance at 490 nm was detected using microplate reader (Infinite M200 PRO, Tecan, Switzerland).
Reporter gene assay. The reporter gene assay was performed as previously described (Zhang et al., 2016) . Briefly, after transient transfection with pEGFP-C1-hMR, pMMTV-luc, and pRL-TK plasmids, CHO-K1 cells were exposed to tested chemicals or 0.1% DMSO (vehicle control) to measure the agonistic activity of hMR. For antagonistic activity measurement, transfected cells were treated with 10 À9.5 M aldosterone in combination with tested chemicals after 30 min pretreatment with the tested compound alone. Firefly luciferase and Renilla luciferase activities were measured using the Dual-luciferase Reporter Assay Kit (Promega) after 24 h exposure and the ratio of firefly to Renilla luciferase activity was used to present the relative transcriptional activity. The transfected cells were exposed to the mixture of all 16 potential antagonists with an equal concentration of 10 À10 to10 À6 M for a plain combined antagonistic effect evaluation. Relative inhibition rate (RIR) is obtained at the highest tested concentration of chemicals as percent decrease of aldosterone response. The Weibull regression model was applied for the individual concentration-response analyses. The concentrations of tested chemicals that inhibited 20% (IC 20 ) or 50% (IC 50 ) of the luciferase activity induced by aldosterone were calculated.
E, effect, the fraction of antagonistic effect (0 E 1); a and b, model parameters that varied depending on the individual concentration-response curve; c, the concentration of tested chemicals.
Calculation of mixture-effect predictions. To further predict the combined effects of 16 potential MR antagonists, the mixtures were designed as fixed-ratio equipotent mixtures that were calculated based on the effect concentrations (EC) of the individual components that led to an inhibition of aldosterone effects by 10% (here termed as inhibitory concentrations 10% [IC 10 ]) based on Weibull regression model (Faust et al., 2001) . The mathematical and statistical procedures used to calculate predictions of the effect concentrations (ECx mix ) of the mixture according to CA and IA models were well-described in previous studies (Faust et al., 2001; Orton et al., 2012; Xing et al., 2012) . The equations that predicted the effect mixture concentrations under the hypothesis of CA (equation 1) and IA (equation 2) were listed below:
CA:
p i , the relative proportions of the individual component in the whole mixture; ECx i , the equivalent effect concentrations of the individual component.
IA:
In this equation, F i are calculated from the concentrationresponse functions and the x% represents the total effect.
Real-time quantitative PCR. VSMCs were treated with the tested chemicals for 24 h and then cells were lysed for total RNA isolation and reverse transcription using SuperPrep Cell Lysis & RT Kit for qPCR (Toyobo, Tokyo, Japan) according to the manufacturer's instruction. SYBR Green PCR Master Mix (Toyobo, Japan) was used for real-time quantitative PCR on Mx3000P (Agilent Technologies, Palo Alto) as previously described (Zhang et al., 2016) . The primer sequences are listed in Supplementary Material. Relative gene expression level was calculated using the DD threshold cycle (C t ) method and normalized to the endogenous reference gene gapdh.
Immunofluorescence and confocal microscopy. Immunofluorescence of MR was performed as previously described (Grossmann et al., 2010) . Briefly, CHO-K1 cells were seeded on glass coverslips, transiently transfected with EGFP-C1-hMR, and then treated with 10 À9.5 M aldosterone in combination with tested chemicals for 1 h after 30 min pretreatment with tested chemicals. Cells were fixed and then incubated with anti-MR antibody (dilution 1:200, Santa Cruz Biotechnology, Dallas) overnight at 4 C. After further incubation with Alexa Fluor 488-conjugated donkey anti-rabbit IgG (dilution 1:200, ThermoFisher Scientific, Eugene) and 4 0 ,6-diamidino-2-phenylindole (Vector Laboratories, Burlingame), the cells were analyzed by confocal microscopy (LSM780, Zeiss, Gottingen, Germany).
Western blotting. After transfection with pEGFP-C1-hMR plasmids, CHO-K1 cells were exposed to 10 À9.5 M aldosterone in combination with tested chemicals for 1 h after 30 min pretreatment with the tested compound alone. Nuclear protein was isolated using the CelLytic NuCLEAR extraction kit (SigmaAldrich). Western blotting was performed as previously described , and details are shown in Supplementary Material.
Statistical analysis. All experimentations were repeated at least 3 times. The data are presented as mean 6 SD of at least 3 independent assays with triplicates. Statistical analysis was carried out using SPSS version 16.0 (SPSS, Chicago) and Origin 8.0 (OriginLab, Northampton). The significance of difference was evaluated by one-way ANOVA followed by Dunnett's post hoc test, and differences were considered significant if p < .05.
RESULTS

Agonistic Effects of Tested Chemicals in MR Assays
The results of MTS assay showed that exposure to resmethrin, carbendazim, or tolylfluanid at a concentration of 10 À6 M and other chemicals at a concentration of 10 À5 M for 24 h did not affect cell viability (Supplementary Figure 1) . The endogenous mineralocorticoid aldosterone stimulated the MR transcriptional activity in a concentration-response manner and the maximal activity reached at 10
M aldosterone or higher (Supplementary Figure 2A) . Therefore, the relative induction rate compared with the MR activity obtained by 10 À9.5 M aldosterone was used to evaluate the agonistic effects of 43 pesticides and metabolites at non-cytotoxic concentrations. There was no significant induction observed, suggesting that none of the tested chemicals has MR agonistic activity (Supplementary Figure 3) .
Antagonistic Effects of Tested Chemicals in MR Assays
Spironolactone, an MR antagonist that suppressed the aldosterone-induced MR transactivation in a concentrationdependent manner, was used as a positive control to evaluate MR antagonistic activity (Supplementary Figure 2B) . A total of 16 pesticides among the 43 tested chemicals, including 4 pyrethroids (bifenthrin, cypermethrin, fenvalerate, and permethrin), 4 organo- (Figure 1 ), suggesting that these 16 chemicals potentially exhibited MR antagonistic properties. And the inhibition of transcriptional activity was reversed by a higher concentration of aldosterone (10 À6 M), indicating the antagonism would be due to competitive binding to the receptor ( Figure 1E ). Subsequently, the concentration-dependent MR antagonistic activities of these 16 potential antagonists were determined at doses of 10 À9 to 10 À5 M ( Figs. 2A-D) . The concentrations of the tested chemicals reducing 20% of 10 À9.5 M aldosterone-induced MR activity (20% inhibitory concentration, IC 20 ), 50% inhibitory concentration (IC 50 ), and the RIR of these 16 chemicals at the highest tested concentrations that represented as percent decrease of aldosterone response were calculated from the concentration-response curves (Table 1 ). These 16 chemicals exhibited an antagonistic activity against MR with IC 20 between 10 À7 M and 10 À6 M, indicating that these pesticides were weak MR antagonists when compared with the pharmaceutical antagonist spironolactone (Table 1) . Because of coexistence of multiple chemicals in the realistic environment, transfected cells were exposed to the mixture of these 16 potential antagonists at their individual concentrations of 10 À10 to 10 À6 M to evaluate their combined effects. As shown in Figure 2E , exposure to the mixture caused a dose-dependent reduction in aldosterone-induced MR transcriptional activity. Notably, a significant inhibition was observed at a dose as low as 10 À9 M ( Figure 2E ).
The mixture modeling was further explored by comparing the observed responses and the combined effects predicted by CA and IA models based on fixed-ratio concentration-response analyses. The regression model parameters and proportion of the individual components were listed in Supplementary Table  2 . There was a good agreement of the responses of mixtures comprised by IC 10 ratio aliquots with predictions by CA over the concentration range from 10 À8 M to 10 À5 M ( Figure 2F ).
Disruption of Mineralocorticoid-Responsive Gene Expression
To further assess the anti-mineralocorticoid potency, the expression of mineralocorticoid-induced gene Alk that plays an important role in vascular calcification was evaluated in the primary cultured human VSMCs that express endogenous MR (Jaffe and Mendelsohn, 2005) . As shown in Figure 3 , all tested compounds at a concentration of 10 À6 or 10 À5 M significantly antagonized aldosterone-induced Alk expression in VSMCs (Figs. 3A and 3B ). The concentrations of pesticides used for treatment did not cause obvious cytotoxic effects on VSMCs (Supplementary Figure 4A) . The expression of housekeeping gene gapdh had high stability and its relative C t values did not change in VSMCs after pesticide treatment, suggesting that these chemicals at non-cytotoxic concentrations had no effects on this non-MR target gene (Supplementary Figure 4B) . A total of 12 chemicals among these 16 candidate pesticides, including 4 pyrethroids (bifenthrin, cypermethrin, fenvalerate and permethrin), 2 organochlorines (o,p 0 -DDT and methoxychlor), herbicide alachlor, organophosphate insecticide dimethoate, carbamate fungicide zineb, atrazine metabolite DIA, triazine herbicide terbuthylazine, and fipronil, remarkably antagonized VSMCs to the mixture of these 16 pesticides at their individual concentrations in the range of 10 À9 to 10 À5 M, a concentrationdependent decrease in aldosterone-induced Alk expression was observed and the significant inhibition occurred at a dose as low as 10 À8 M of the mixture ( Figure 3C ).
Exposure of Tested Chemicals Alters the Aldosterone-Induced HCC Growth Suppression
It has been reported that MR exerted a suppressive role in HCC progression (Nie et al., 2015) . In this study, we further examined the effects of these 16 potential MR antagonists on the MRmediated suppression of HCC proliferation. SMMC-7721 cells were exposed to aldosterone in combination with the tested chemicals at a non-toxic concentration (10 À5 or 10 À6 M) ( Supplementary Figs. 5A and 5B). As expected, the native ligand aldosterone significantly suppressed the proliferation of HCC cell line SMMC-7721 in a concentration-dependent manner (Supplementary Figure 5C) , whereas aldosterone-induced suppression was reversed by MR antagonist spironolactone (Figure 4 ). The result indicated that 14 of these 16 chemicals remarkably attenuated aldosterone-induced HCC growth suppression (Figs. 4A and 4B) . Furthermore, the blockage of aldosterone-induced suppression of SMMC-7721 cells was also observed after a treatment with the mixture of these 16 pesticides at concentrations in the range of 10 À9 to 10 À7 M ( Figure 4C ).
Effects of Tested Chemicals on Aldosterone-Induced Nuclear Translocation of MR
To explore the mechanistic basis for these antagonistic effects, we examined whether coexposure of tested chemicals alters aldosterone-induced nuclear translocation of MR. Mineralocorticoid receptor immunolabeling is located in both cytoplasm and nucleus in the majority of transfected cells in the absence of ligand aldosterone, but not nucleoli ( Figure 5A ). After treatment with aldosterone, MR predominately translocated to the nucleus and detectable MR almost totally disappeared from the cytosolic pool ( Figure 5B ), which was consistent with previous observations (Fejes-Toth et al., 1998 ). Coexposure of most tested chemicals and aldosterone resulted in an obvious appearance of MR in the cytosol ( Figure 5 ). A total of 14 among 16 tested antagonists significantly suppressed the aldosterone-induced nuclear translocation of MR (Figs. 5C-P) . Moreover, the results of Western blotting also showed that coexposure to tested antagonists remarkably decreased the amount of MR in nucleus when compared with the aldosteronetreated control (Figs. 5Q and 5R ). However, among these 16 pesticides, fipronil and fenvalerate did not appreciably alter the aldosterone-stimulated nuclear accumulation of MR (Supplementary Figure 6) .
DISCUSSION
Although the estrogenic and/or anti-androgenic potency of a number of pesticides has been observed, little was known about the disrupting effects of pesticides via nonsexual steroid hormone receptors, especially MR. In this study, 43 pesticides from both legacy and current-use types were evaluated for MRmediated mineralocorticoid activity. Similar to what was found in our previous GR study (Zhang et al., 2016) , none of the test pesticides exhibited mineralocorticoidic activity, but 16 of 43 chemicals showed MR antagonistic effects. To the best of our knowledge, this is the first study to recognize these 16 pesticides as MR antagonists.
We found that 4 DDT analogs (o,p 0 -DDT, p,p 0 -DDT, p,p 0 -DDE, and methoxychlor) and 2 pyrethroids (bifenthrin and cypermethrin) exhibited both GR and MR antagonistic activities (Zhang et al., 2016) . The overlap of antagonism of these pesticides toward GR and MR could be explained by the high homology in structure and function between GR and MR. In fact, the native MR ligand aldosterone is able to bind to the GR but the affinity between aldosterone and GR is several orders of magnitude lower than MR, whereas native GR ligand cortisol can also bind to MR . However, the identity of amino acid sequences between the ligand binding domains of GR and MR was only 57%, which results in the difference in protein spatial structure and subsequently the diversity of xenobiotics with antagonistic effects (Arriza et al., 1987) . For example, in our studies, atrazine showed antagonistic potency for GR rather than MR, whereas 2 metabolites of atrazine, DEA and DIA, exhibited MR antagonistic effects. It is likely that chemical structures had an important impact on MR antagonistic activity. For example, pyrethroids are all esters and are hydrolyzed into the acid and alcohol metabolites (Kaneko, 2011) . In our study, most of the parent compounds of pyrethroids rather than their common acid and alcohol metabolites exhibited MR antagonistic activity, suggesting that the structure of an ester in this group of chemicals is required for their MR antagonistic activity. In addition, among the organochlorine group, all 4 DDT analogues tested in this study showed MR antagonistic activity, but none of the 4 benzene hexachloride isoforms. However, among the different groups, these 16 chemicals have a variety of different structures and MR exhibits promiscuity to these potential environmental ligands. Actually, other members of the family of steroid receptors, such as ER, AR, and GR, also can be activated or antagonized by a large set of synthetic drugs and pollutants in different chemical classes with highly variant structures (Kojima et al., 2004 (Kojima et al., , 2009 (Kojima et al., , 2013 Takeuchi et al., 2005 Takeuchi et al., , 2011 Zhang et al., 2016) . The mechanism(s) of the promiscuous sensitivity of steroid receptors to exogenous substances remains unclear and is worth to further investigate.
In this study, 16 compounds were considered as relative weak MR antagonists with the IC 20 ranging from 10 À7 M to 10
À6
M (approximately equivalent to 44.5-419 ppb), which likely exceeds the realistic residual levels of these pesticides in the environment. However, a significant MR antagonistic effect was observed when these 16 chemicals were combined at an individual concentration as low as 10 À9 M (approximately equal to 0.17-0.44 ppb). Consistently, a mixture of candidate pesticides at individual concentrations of 10 À8 M produced combined MR antagonist effects on the expression of mineralocorticoidresponsive gene Alk in human VSMCs. The cumulative antimineralocorticoidic effects of a mixture of pesticides at low concentrations were also observed in the MR-mediated suppression of HCC proliferation. Noticeably, the realistic environmental levels of some chemicals among these candidate MR antagonists approach or exceed their corresponding concentrations in the mixture exposure. For instance, as the most ubiquitous metabolite of DDT, p,p 0 -DDE was reported to mean level of 1.64-5.18 ppb in the population of developed countries (Carreno et al., 2007; Zubero et al., 2015) , whereas the effective level of p,p 0 -DDE in the mixture of this study was 0.32 ppb. As the most widely used pyrethroids, permethrin and cypermethrin were detected in human breast milk in South Africa with a mean concentration of 10.38 and 1.71 ppb, respectively (Bouwman et al., 2006) , which is higher than their effective concentrations in the mixture (0.39 ppb for permethrin and 0.42 ppb for cypermethrin). Moreover, the dealkylated triazine metabolites (DEA, DIA, and 2-chlorodiminoatrazine) were detected in urine samples from pregnant women in France with a mean values approximately 1.29-1.66 ppb (Chevrier et al., 2014) , which is higher than the total effective levels of DEA and DIA (0.36 ppb) observed in the mixture exposure group. Furthermore, the fixed-ratio mixture predictions showed that the mixture effects of 16 compounds are quietly predictable by CA model, suggesting that a mixture of widely used pesticides at environmentally relevant levels could act additively as MR antagonists by competitive antagonism of mineralocorticoids binding to the ligand-binding domain of the receptor. In this study, we further demonstrated the mechanism by which 14 of 16 candidate pesticides inhibited MR-dependent transcription appeared to involve modifications in mineralocorticoid-induced nuclear translocation. Upon ligand binding, the alteration in conformation of MR results in exposure of receptor nuclear localization signaling motif and translocation from cytoplasm to nucleus (Nakatani et al., 2013) . Like other steroids, the native MR ligand aldosterone is a small molecular lipophilic chemical (Sutanto and Dekloet, 1991) . Most of the MR-antagonistic pesticides identified in this study are also lipophilic chemicals. It is highly possible that these 14 pesticides are able to enter the ligand binding pocket of MR, competitively binding to the receptor but unable to induce the correct conformation change and remained in the cytoplasm. However, other 2 pesticides, fenvalerate and fipronil, are unable to prevent the translocation of MR. Similar effects on other members of the nonsexual steroid receptor were observed in the As-inhibited GR activation that was independent of steroidinduced GR nuclear translocation (Kaltreider et al., 2001) . It suggests a different mechanism that may act by disrupting downstream progress such as DNA binding or cofactor recruiting receptor function after nuclear translocation.
So far, little was known about the adverse effects of a continuous MR function impairment by environmental contaminants. In this study, 16 pesticides and/or their metabolites were reported first time to exhibit anti-mineralocorticoidic activity and 14 of them interrupted MR transactivation through disrupting nuclear translocation process. The additively combined effects of multiple pesticides were observed in a quite predictable manner, indicating that a mixture composed of a larger number of MR antagonists would have produced additive adverse health effects at correspondingly lower concentrations, approaching realistic environmental levels. Indeed, the compounds tested in this study were only a small portion of the great number of xenobiotics. Other man-made chemicals should be recruited for MR antagonist/agonist screening, and it will provide important knowledge in evaluating the overall role of environmental MR ligands-induced health effects.
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